Abstract. This article introduces a study on the optimal calculation of gear ratios of a two-stage helical reducer. In the study, the acreage of the cross section of the reducer was chosen as the objective function of the optimization problem. Also, the design equation for pitting resistance of a gear set was investigated. Furthermore, the equations on moment equilibrium condition of a two-stage helical reducer and their regular resistance condition were analysed. A computer program was performed to determine the optimal partial transmission ratios for getting the minimal acreage of the cross section of the system. From the results of the computer program, two models for determining the optimal gear ratios of a two-stage reducer were proposed. Using these models, the gear ratios can be calculated accurately in a simple way.
Introduction
In optimum reducer design, the calculation of the gear ratios of the reducer plays a very important role. The reason is that the gear ratios strongly affect the size, the dimension, the mass, and the cost of the reducer. Subsequently, optimal determination of the gear ratios of reducers has been chosen by various researchers in their studies. Figure 1 . Gear ratios of step 1 and 2 versus the total gear ratio [1] Up to now, there have been a number of optimization studies on determination of gear ratios of helical reducers. The gear ratios have been determined for two-stage reducers [1, 2, 3 and 4] , three-stage reducers [4, 5, 6, and 8] , and four-stage reducers [4, 8, 9 and 10] . Also, the gear ratios have been found using different methods including designed experience method [11] , graph method [1, 2 and 4], "practical method" [2] and model method [5, 6, 7, 8, 9 and 10].
In designed experience method, the gear ratios can be found based on experiences in design and the gear ratios are not optimum. For example, for two-stage helical reducer, the relation between gear ratios of the first step 1 u and the second step 2 u follows the following equation [11] :
For coaxial reducers, the gear ratios can be determined by the following equation [12] :
Where, 1 u and 2 u are gear ratios of the first and the second stage; t u is the total ratio of the reducer.
In the graph method, the gear ratios were determined graphically. For example, for three-stage helical reducers, the gear ratios of the first stage and the second stage can be found from the graph in Figure 1 [1] . For coaxial reducers, the gear ratio of the first stage 1 u can be determined from the total ratio h u based on graph in Figure 2 [1]. The graph method was also used by Trinh Chat [13] for finding optimum gear ratios for two, three and four-stage helical reducers. G. Milou et al. [2] proposed "practical method" for determining optimum gear ratios. In the "practical method", the gear ratios were found from practical data. For instance, based on the data from reducer factories, it was found that the weight of a two-stage reducer is minimal when the center distance ratio of the second stage to that of the first stage was from 1.4 to 1.6 [2] . After that, the optimal gear ratios were introduced in the tabulated form. For two-stage bevel helical gearboxes, the ratio between the bevel step and cylindrical step was 1.12 to 1.4 [2] .
In the model method, the optimum gear ratios are calculated by models for different objectives. There have been quite a lot of studies which follow this method. In [5] and [14] , the gear ratios were found in order to get the minimal cross section dimension of the gearbox. In [6] , [9] , [10] and [15] , the objective for optimization problem was the minimum mass of gears. In [7] , [16] and [17] , the minimum gearbox length was chosen as the objective of the optimization problem for determining optimum gear ratios.
From above analysis, it is clear that till now there have been many studies on the determination of gear ratios of helical reducers. However, there is still lack of research on two-stage helical reducer which has the objective of minimal acreage of cross-section of the reducer. This paper presents a study on the optimal determination of the gear ratios for a two-stage helical reducer in which the objective is the minimal acreage of cross-section.
Optimization problem for determining optimal partial transmission ratios
The objective of the optimization problem is to determine the optimal gear ratios in order to get the minimal acreage of cross section of a two-stage helical reducer. From Figure 3 , the acreage of cross section of the reducer A can determination on two dimensions L and h and it can be calculated as:
In which, L and h are determined as (see Figure 2 ): 
Also, for a two-stage reducer we have:
In equations (6), (7), (8) and (9) From (4), (5), (6) , (7), (8) and (9), dimensions L and h can be expressed as functions of center distances and gear ratios of two stages. Therefore, the following equations are given:
, , ,
Thus, the optimization problem is defined as:
With the following constraints 5 40
From (10), (11), (12) and (13), it is clear that for solving the optimization problem it is necessary to calculate the center distances of the first stage 1 w a and the second stage 2 w a .
Determining the center distance of the first step
From the contact strength condition, the center distance of the first step can be calculated by the following equation [18] T is the turning moment on the pinion of the first
Substituting the above values into equation (14), the value of the center distance of the first stage can be found:
  
Results and discussions
Based on Equations (12) and (13), a computer program was performed to determine the optimal partial transmission ratios for getting the minimal acreage of the cross section of the system. The following data were used in the optimization program: From the results of the optimization program, the relation between the gear ratios of two stages ( 1 u and 2 u ) with the total reducer ratio t u is described as in Figure 4 . From the figure, it is clear that with the increase of the total ratio the gear ratio of the first stage grows faster than that of the second stage. This is because the torque on the pinion of the first stage is lower than that of the second stage. It was also found that the output torque out T does not affect the gear ratios. 
Conclusions
The minimal cross-sectional acreage of a two-stage helical reducer can be found by optimal determination of gear ratios of two stages of the reducer.
The models for calculation of the gear ratios of the helical reducer for getting the minimal cross-sectional acreage of the reducer were proposed.
The gear ratios of the reducer can be calculated accurately and simply by using explicit equations.
